1 The chronotropic effects of atrial natriuretic peptide (ANP) and C-type natriuretic peptide (CNP) were investigated using injections (50 Mg in 1 ml of Tyrode solution as bolus over 1 min) directly into the sinus node artery of 21 anaesthetized and vagotomized dogs which had been pretreated with a f,-adrenoceptor antagonist. The injections were also repeated following: (a) a-adrenoceptor antagonism (prazosin) and muscarinic receptor antagonism (atropine); (b) inhibition of prostaglandin synthesis (indomethacin); (c) angiotensin II AT1 receptor antagonism (losartan); (d) histamine HI (mepyramine) and H2 (cimetidine) receptor antagonism. 2 The results obtained indicate that ANP had no significant effect on the basal sinus rate, whereas CNP produced a slight but significant increase of 12+2 beats min-'. The effect of CNP was long-lasting (return to pre-injection levels after maximum effect in 17+3 min) and was not influenced by the various antagonists mentioned above. 3 During in vitro experiments on spontaneously beating right atria isolated from 6 dogs, the injection of CNP (50 pg in 1 ml of Tyrode solution) into the sinus node artery produced an increase in atrial rate of 14+1 beats min-'. 4 The results of this work indicate that CNP exerts a significant and prolonged positive chronotropic effect both in vivo and in vitro. Other studies are required to elucidate the mechanism of action of CNP on the heart conduction system, to ascertain the presence of natriuretic peptide receptor B in the region of the sinoatrial node and to determine the role of CNP in the control of heart rate.
Introduction
The natriuretic peptide family is made up of three distinct peptides; atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP). These peptides are thought to play an important role in cardiovascular homeostasis (Brown et al., 1993) . CNP, the most recently identified member of the family, clearly displays distinct features from ANP and BNP (Cargill et al., 1994; Hunt et al., 1994) . Indeed, CNP which was originally considered to be primarily a neuropeptide (Sudoh et al., 1990) , is widely distributed within the vascular endothelium (Espiner, 1994) and may play a role in the regulation of vascular tone (Clavell et al., 1993) . Moreover, CNP is antinatriuretic in anaesthetized dogs and the plasma concentrations of CNP are in the low picomolar concentrations. ANP and CNP bind preferentially to different receptors, namely, the natriuretic peptide receptor A (NPR-A) or guanylate cyclase-A (GC-A), and the natriuretic peptide receptor B (NPR-B) or guanylate cyclase-B (GC-B) .
The hypotension caused by ANP is often not accompanied by the anticipated reflex tachycardia. The mechanism of this relative negative chronotropic effect is still unclear (Hiwatari et al., 1986; Zeuzem et al., 1990; Atchison & Ackermann, 1990; Imaizumi & Takeshita, 1993) but, among other possibilities, it has been suggested that ANP exerts a direct effect on the sinus node (Lambert et al., 1994) . On the other hand, it has been postulated that CNP has a paracrine action within the heart (Espiner, 1994) . These two hypotheses are supported by the following findings in the rat: (1) nodal and transitional cells of the sinoatrial node display ANP-containing secretory granules (Cantin et al., 1989) ; (2) 'Author for correspondence. the heart expresses NPR-A and NPR-B receptors (Brown et al., 1993) and (3) the expression of the mRNA for CNP has been documented in atria and ventricles (Vollmar et al., 1993) . However, no data are available regarding the presence of natriuretic peptide receptors in the conduction system. This study was undertaken to investigate the direct chronotropic effects of ANP and CNP on the sinus node of anaesthetized dogs in which baroreceptor-mediated responses had been totally abolished by surgical bilateral vagotomy and fiadrenoceptor blockade.
Methods

In vivo experiments
Animal preparation Female adult mongrel dogs (n = 21) weighing 27+1 kg were anaesthetized with sodium thiopentone (25 mg kg-', i.v.) and a-chloralose (80 mg kg-', i.v. followed by 15 mg kg-' h-') and heparinized (250 iu kg-', i.v. followed by 1000 iu h-'). The dogs were artificially ventilated with room air through an endotracheal tube using a Harvard pump (model 607). A right thoracotomy was performed at the fourth intercostal space, and the heart was suspended in a pericardial cradle. The sinus node artery and both femoral arteries and veins were cannulated with polyethylene catheters for drug administration, pressure measurement and blood sampling. After careful elective cannulation, the sinus node artery was perfused with fresh arterial blood withdrawn from the femoral artery using a Harvard pump (model 22) at a constant flow rate (1 ml min-'). Preliminary studies have indicated that, at this rate, a stable heart frequency can be maintained for several hours, lower flow rates being associated with a progressive decline in heart rate. The British Journal of Pharmacology ( ) 118,1790 ( -1796 Chronotropic effects of natriuretic peptides ligation of the sinus node artery had no effect on sinus node function due to extensive arterial anastomoses (James & Nadeau, 1962) . Surgical bilateral cervical vagotomy was performed just before the blockade of the fl-adrenoceptors with propranolol (1 mg kg-', i.v. followed by a second dose 3 h later in cases where the experiment was not finished). This dose of propranolol prevents the activation of P-adrenoceptors by isoprenaline (0.01 jug kg- ', i.v.) in the dog (Lambert, 1995) .
Experimental protocol Systolic and diastolic arterial blood pressures, and electrocardiogram (lead II) were monitored on a polygraph system (model RM-6000, Nihon-Kohden, Tokyo, Japan). Heart rate was derived from the electrocardiogram.
After a 30 min period of stabilization following the end of surgical preparation, Tyrode solution (1 ml) was injected (as a bolus over 1 min) into the sinus node artery. Thereafter, ANP or CNP (50 ug dissolved in 1 ml of Tyrode solution) was injected (as bolus over 1 min) into the sinus node artery, keeping the rate of perfusion constant. Each administration of natriuretic peptide was preceded ( 5 min) by an injection of Tyrode solution as a control. An interval of at least 30 min was allowed between each injection of the peptide. Preliminary results, using the same experimental model, demonstrated that under these conditions, the pressor and chronotropic effects of ANP and CNP are maintained for at least 120 min.
Following these baseline determinations, the animals were separated into 4 groups and the pressor and chronotropic effects ofANP and CNP were reassessed: (1) following the blockade of a-adrenoceptors with prazosin (1 mg kg-', i.v.) (Stanaszek et al., 1983) and muscarinic receptors with atropine (1 mg kg-', i.v.) (Henning, 1992) ; (2) The dose of prazosin used in this study prevents the activation of a-adrenoceptors caused by phenylephrine (1 ug kg-', i.v.) (Lambert, 1995) . In order to ensure that the dose of atropine used was sufficient to block muscarinic receptors, we have evaluated the effects of acetylcholine on the heart rate of 4 dogs before and after administration of atropine (25 jug kg-', i.v.). Indeed, prior to the administration of atropine, acetylcholine caused a decrease of 8 + 4 beats min-1, whereas it had no effect (0+ 0 beats min-1) after atropine administration. Similarly, in order to ensure that mepyramine or cimetidine (at the doses used in this study) attenuate the tachycardia elicited by histamine, the alterations in heart rate caused by histamine, either prior to or after the administration of the respective H, or H2-receptor antagonist were investigated in 4 dogs. Prior to administration of these histamine-receptor antagonists, histamine caused a significant increase in heart rate of 28+5 beats min-', which was abolished after the administration of mepyramine and cimetidine (1+ 0 beats min-').
Sodium nitroprusside was injected directly into the sinus node artery (50 tg kg-', as bolus-over 1 min) of 4 dogs in order to evaluate the effect of a potent systemic and coronary arterial dilator on sinus node behaviour (Rowe & Henderson, 1974) .
All procedures for animal experimentation were carried out in accordance with the guidelines of the Canadian Council for Animal Care and monitored by an institutional animal care committee.
In vitro experiments
Preparation Six adult mongrel dogs of either sex weighing 27+3 kg were anaesthetized with sodium thiopentone (25 mg kg-', i.v.) and artificially ventilated with room air. The heart was exposed through a left intercostal thoracotomy and the pericardium was opened. One minute after the injection of heparin (1000 iu in 1 ml) into the left ventricle, the heart (with at least 1 cm of each vena cava) was quickly excised and immersed in cooled Tyrode solution. Dissection was carried out according to the method described by Woods et al. (1976) . The right atrium containing the anterior free wall of the atrium, the right atrial appendage as well as the sinus node and its artery was isolated. The sinus node artery was cannulated with Tyrode-filled polyethylene tubing size-50. This right atrial preparation was then transferred to a chamber (Radnoti, Monrovia, CA., U.S.A.) and pinned to the silastic floor, endocardial side face-up. The preparation was both superfused (20 ml min-'), and perfused through the catheter with Tyrode solution circulating through a warming bath kept at 37 + 0.50C and gassed with an 02:CO2 mixture (95:5) (pH 7.4+ 0.1) with a roller pump (peristaltic pump PI, Pharmacia Fine Chemicals, Sweden) at a constant flow (6 ml min-). The extracellular potentials were recorded with a bipolar electrode (silver-silver chloride rods of 0.25 mm in diameter and insulated). The electrode was connected to a bioelectric amplifier (model RMP-6004M, Nihon Kohden). Endocardial atrial electrograms were recorded on a polygraph (model WI-641G, Nihon Kohden).
Experimental protocol After 1 h period stabilization following the cannulation of the sinus node artery, Tyrode solution (1 ml) was injected over 2 min into the sinus node artery. This injection protocol was selected to minimize any disturbance of atrial rate. Then, CNP (50 Mg dissolved in 1 ml of Tyrode) was injected (2 min) into the sinus node artery. After an interval of at least 30 min, this protocol was repeated so that each of the 6 dogs received 2 injections of CNP, each preceded by an injection of Tyrode solution as a control. Ltd, Poole, England), propranolol hydrochloride (Sigma), mepyramine maleate (Sigma) and sodium nitroprusside (Sigma) were dissolved in NaCl 0.9% at room temperature, whereas cimetidine (Sigma) was dissolved in NaCl 0.9% at 370C. Preliminary experiments have shown that the administration of these vehicles alone in our experimental model had no chronotropic or pressor effect, and did not influence the chronotropic and pressor effect of the natriuretic peptides. The Tyrode solution was prepared daily, oxygenated for 15 min with an 02: CO2 mixture (95:5) when used for in vivo experiments, and the pH of the solution was kept at 7.4 + 0.1. The composition of the Tyrode solution used in all experiments was in mmol I-': NaCl 128, KCl 4.7, MgSO4 1.2, NaHCO3 20.1, NaH2PO4 0.5, CaCl2 2.3 and dextrose 11. 1, all from Sigma. The solution used for control injections (1 ml) into the sinus node artery was made up of 125 Ml of water and 875 dl of Tyrode solution.
Statistics
Data are expressed as mean + s.e.mean and were compared by Student's paired t tests or one-way (repeated measures as indicated) analysis of variance (ANOVA) with Bonferroni correction for multiple comparisons. The critical level of significance was set at P<0.05.
Results
In vivo studies Effects of bilateral vagotomy and blockage of f-adrenoceptors Bilateral vagotomy and blockage of P-adrenoceptors P. Beaulieu et a! Chronotropic effects of natriuretic peptides caused a significant decrease in basal heart rate (from 135+7 to 122 + 4 beats min-1) but had no effect on mean systemic arterial pressure (from 107 + 5 to 104 + 5 mmHg) (P> 0.05).
Pressor and chronotropic effects of Tyrode solution The injection of Tyrode solution (1 ml) into the sinus node artery of 21 dogs had no effect on mean systemic arterial pressure. It did, however, cause a slight increase in heart rate (from 121 + 4 to 123+4 beats min'). The peak increase in heart rate occurred within 27 + 4 s after the injection and heart rate returned to pre-injection levels within 72 + 4 s.
Pressor effects of ANP and CNP The injections of ANP (50 Mg in 1 ml of Tyrode solution, n = 16) and CNP (50 jug in 1 ml of Tyrode solution, n = 19) into the sinus node artery of dogs caused significant decreases in mean systemic arterial pressure (from 104±4 to 85+5 mmHg and from 108+4 to 98+4 mmHg, respectively) (Figure 1 ). Both peptides affected the systolic and diastolic blood pressures equally. A maximum degree of hypotension was observed 95 + 5 and 103 + 6 s after injection of ANP and CNP. The blood pressure returned to pre-injection values within 13 + 2 and 12 + 2 min.
Chronotropic effects of ANP and CNP The injection of ANP (50 Mg in 1 ml of Tyrode solution, n = 16) into the sinus node artery had no significant effect on the heart rate (from 124 + 5 to 125 + 5 beats min-1) (P> 0.05). The injection of CNP (50 jg in 1 ml of Tyrode solution, n = 19) into the sinus node, however, produced a slight but significant increase in heart rate (from 118+4 to 130+4 beats min-) (Figure 2 ). The maximum increase in heart rate was observed 92+5 s after the injection. This positive chronotropic effect was long-lasting with a return to pre-injection levels 17+3 min after the observed maximum effect (Figure 3 ).
Effects ofdifferent specific antagonists and inhibitor on ANP and CNP chronotropic action The changes induced by the specific receptor antagonists or by indomethacin on mean systemic arterial pressure and heart rate are shown in Table 1 . Prazosin, atropine and indomethacin had no significant pressor effects. Losartan induced a significant decrease in mean systemic ar- terial pressure, whereas cimetidine and mepyramine caused significant increases. Mepyramine caused a significant increase in heart rate of 13 + 1 beats min-'. Figure 3 Times for the heart rate to decline from maximum effect to pre-injection levels following the administration of Chronotropic and pressor effects of sodium nitroprusside The injection of sodium nitroprusside directly into the sinus node artery (50 ,ug kg-', in 1 min) produced a marked decrease (48+2%) in mean systemic arterial pressure (P<0.05). This hypotension, however, resulted in only a small chronotropic effect (T2+3 beats min').
In vitro studies
The injection of Tyrode solution (1 ml, n=6) into the sinus node artery of isolated atrial preparation caused a very slight decrease in atrial rate (from 104+4 to 102+5 beats min-').
The maximum peak changes in atrial rate occurred 50+7 s after injection, and heart rate returned to pre-injection levels within 170+18 s. The injection of CNP (50 pg in 1 ml of Tyrode solution) into the sinus node artery, however, produced a slight but significant increase in atrial rate (from 102+5 to 116+6 beats min-') ( Figure 8 ). The peak of the chronotropic effect elicited by CNP was reached within 77 + 19 s and heart rate returned to baseline within 20 + 2 min (following the maximum effect).
Discussion
Numerous previous studies have demonstrated that the decrease in arterial blood pressure elicited by the administration of ANP is not accompanied by a reflex tachycardia (Baum et al., 1986; Goetz et al., 1986; Bie et al., 1988; Ebert et al., 1988; Lambert et al., 1994) . These results form the basis of a first hypothesis that ANP interferes with the baroreflex control of the circulation via the autonomic nervous system. Attenuation of sympathetic nervous activity (Sasaki et al., 1986) , as well as enhancement of parasympathetic nervous input to the heart (Zeuzem et al., 1990; Atchison & Ackerman, 1990; FrancoSaenz et al., 1992) have been postulated to account for this effect of ANP. gical antagonist interfering with oc,-adrenoceptor modulation of efferent cardiac vagal action. We have already reported, using anaesthetized and vagotomized dogs pretreated with ,Badrenoceptor antagonist, that an i.v. infusion of physiological and pharmacological doses of ANP produces a significant negative chronotropic effect (Lambert et al., 1994) . We, as well as others (Ackerman et al., 1988; Gisbert & Fischmeister, 1988) have therefore suggested a second hypothesis postulating that ANP has a direct cardiac effect. Unexpectedly, in the present study, ANP did not produce bradycardia. These divergent results might be explained by differences in the experimental protocol (dosages, route and mode of administration) and/or by the fact that there are no NPR-A receptors in the region of the sinus node. We have shown that the direct chronotropic effects of ANP or CNP injected into the sinus node artery anaesthetized dogs are different. CNP induces a prolonged tachycardia whereas ANP has no significant effect on heart rate. CNP was first isolated from porcine brain tissue (Sudoh et al., 1990) , but has also been detected in various other tissues (Chrisman et al., 1993) . It is widely distributed within the vascular endothelium (Heublein et al., 1992; Komatsu et al., 1992; Suga et al., 1992) , and is a potent dilator of peripheral veins and coronary arteries 1994) . The presence of NPR-A, NPR-B and NPR-C receptor mRNAs has been detected in rat and human cardiac tissues by the technique of cDNA amplification with the polymerase chain reaction (PCR). The A and B receptor transcripts appeared to be homogenously distributed between atria and ventricles (Nunez et al., 1992) . CNP-specific sequences have also been detected in rat atria and ventricles of the heart, using the same technique. The relative levels of CNP-mRNA in the atria and ventricles were about 5 and 9% of the ones retrieved in the brain (Vollmar et al., 1993) . Charles et al. (1995) (Schiffrin et al., 1993) , but little data are available concerning CNP and angiotensin II. Tsutsui et al. (1995) recently reported that angiotensin II attenuates the production of cyclic GMP induced by CNP in bovine cultured adrenal medullary cells. Further-1794 more, Cargill et al. (1994) have shown that the plasma levels of CNP were not affected by the infusion of angiotensin II, whereas the concentrations of ANP were significantly increased. In the present study, the positive chronotropic effect of CNP does not appear to depend on an interaction between CNP and angiotensin II. Finally, in man, histamine-induced tachycardia is mediated by H2 receptor stimulation (Levi et al., 1982) . The situation is less clear in the dog, where both HI and H2 receptors may be involved (Hageman et al., 1979) . Both types of receptors were blocked before the injection of CNP. The pretreatment with histamine receptor antagonists did not attenuate the chronotropic response elicited by CNP. Therefore, the tachycardia induced by CNP does not appear to be histamine-dependent, either through a direct stimulation of histamine receptors or through a release of histamine.
When administered in vivo, CNP dilates the canine coronary circulation (Wright et al., 1993) . To exclude the possibility that the increase in heart rate observed following CNP injection was a reflex tachycardia secondary to coronary vasodilatation, sodium nitroprusside was injected via the sinus node artery. Sodium nitroprusside was selected because of its mechanism of action. Like ANP and CNP, it increases cyclic GMP (Murad et al., 1985) . In our protocol, high doses were used which caused a very significant fall in mean arterial pressure. Despite this drastic drop, the heart rate remained practically unchanged. This strongly suggests that the tachycardia caused by CNP is not mediated by a local reflex mechanism due to coronary dilatation.
The magnitude of the tachycardia observed with CNP (T12+2 beats min-') is less than that already reported for angiotensin II (T29+2 beats min-') (Lambert, 1995) or for neuropeptides such as vasoactive intestinal peptide (VIP) (149+3 beats min-') and peptide histidine isoleucine (PHI) (t58 + 4 beats min-) (Rigel, 1988) in similar dog models. The effect of CNP, however, was very long-lasting when compared with that of angiotensin II, where heart rate returned to preinjection levels in 2-3 min (Lambert et al., 1994) . The prolonged action of CNP may be a characteristic feature, as suggested for other peptide neurotransmitters, producing a slowly developing and declining time-course effect in several tissues (Saito et al., 1986) The fact that the positive chronotropic effect of CNP can be reproduced in in vitro experiments using isolated right atria suggest that this effect of CNP is due to a direct receptor stimulation, presumably of the NPR-B receptor. Moreover, the in vitro model demonstrates that all possible central and peripheral nervous system influences that may have been exerted following in vivo CNP injections can be discounted.
In summary, we have shown that CNP, but not ANP, causes a sustained slight positive chronotropic effect. This effect was not influenced either by blockade of a-adrenoceptors, muscarinic, angiotensin II AT, and histamine (HI and H2) receptors or by blockade of prostaglandin synthesis. In vitro experiments testing CNP on isolated spontaneously beating atrial preparations confirmed the positive chronotropic effect observed in vivo. Our results suggest that CNP may play a role in the control of heart rate via stimulation of NRP-B receptors. Other studies are necessary to ascertain the presence of NPR-B receptors in the region of the sinoatrial node, to clarify the mechanism of action of CNP on the sinus node function and to evaluate the role of CNP in the regulation of heart frequency. Accordingly, receptor localisation using cDNA amplification with the PCR technique, as well as intracellular recordings of action potentials during CNP injection into the sinus node artery of isolated atrial preparation are in progress. This last issue certainly represents an interesting question especially in the light of the recent reports by Trachte et al. (1995) who have suggested that some actions of CNP may be guanylate cyclaseindependent and by Wei et al. (1994) who have demonstrated that the induced relaxation of isolated coronary arteries related to CNP was caused by K+ channel activation and membrane hyperpolarization.
